Introduction
============

Older adults often complain about a reduction in their capacity to keep track of relevant information and maintain attention on specific events for extended periods of time, especially in the face of distraction. Investigators have demonstrated that these problems are associated with age-related changes in working memory and attention control (e.g., Park et al., [@B65]; Verhaeghen and Cerella, [@B83]; Fabiani and Gratton, [@B36]). Among the theories proposed to account for these age-related cognitive declines are those suggesting that working memory function is particularly affected by aging (Craik et al., [@B20]), as well as those arguing that with aging it becomes more difficult to suppress the processing of distracting or novel stimuli (Hasher and Zacks, [@B49]; see also Hasher et al., [@B48]).

These theories are unified by the idea that working memory can be construed as a function primarily dependent on attention mechanisms: working memory is made up of the mental representations that are kept within the focus of attention while excluding task-irrelevant information (Kane and Engle, [@B53]; Hasher et al., [@B48]; see also Cowan, [@B19]). Thus, it is possible to hypothesize that deficits in working memory, such as those observed in aging, may in fact be associated with deficits in the ability to focus attention on task-relevant items and avoid the effects of distraction. Indeed, Engle ([@B30]) has argued that most individual differences observed in working memory capacity can be accounted for by the ability of individuals to maintain attentional focus. As a consequence, he and his colleagues developed a test of working memory function, called operation-span (or OSPAN), which is designed to assess the number of words that individuals can remember for a short period of time in the presence of a distracting task (simple mathematical operations). They went on to show that OSPAN scores predict individual differences in a variety of tasks, ranging from vocabulary learning to contract bridge playing (Engle, [@B29]). Although most of the research using OSPAN has been conducted on younger adults, some work on older adults has shown a decline in OSPAN scores with age, supporting the claim that the ability to maintain information in working memory in the presence of interference is in fact sensitive to age (Rhodes and Kelley, [@B71]; however see also Hambrick and Engle, [@B47]). In addition, Engle et al. ([@B31]) have found that fluid intelligence, which is characterized by the capacity of quickly abstracting rules in a flexible manner, is moderately (*r* ≈ 0.4) correlated with OSPAN, at least in young adults. In turn, fluid intelligence is known to decline in normal aging compared to crystallized intelligence (Baltes et al., [@B1]). This suggests that working memory function may be critical for fluid intelligence (e.g., Carpenter et al., [@B14]; Prabhakaran et al., [@B67]; Engle et al., [@B31]), and is best understood when working memory is considered as the ability of "working-with-memory," as was proposed by Moscovitch and Winocur ([@B63]).

Since the time of its first report (Sutton et al., [@B80]; for a review see Fabiani et al., [@B35]), the P300 component of the event-related brain potential (ERP) has also been linked to both attention and working memory. In fact a P300 is elicited only when stimuli need to be attended (Sutton et al., [@B81]), whereas its amplitude is modulated by stimulus probability (Duncan Johnson and Donchin, [@B28]) and by variations in the stimulus sequence (Squires et al., [@B78]). One of the most influential theories of P300 (Donchin, [@B24]; see also Donchin and Coles, [@B25],[@B26]), interprets the enhancement in P300 amplitude in response to a change in the stimulus sequence as a manifestation of the amount of "updating" of working memory content that is required by the presentation of a particular stimulus: when a stimulus has been recently processed its representation is likely to be still present in working memory (hence little updating is needed and P300 amplitude is small). Conversely, when a stimulus is presented after a longer interval, its representation may have faded from working memory and more updating is needed (hence a large P300 is elicited). Although other interpretations of these P300 effects have been proposed (Desmedt, [@B22]; Rösler, [@B72]; Johnson, [@B51]; Verleger, [@B84]), it is clear that a discrepancy between the current item and some form of memory representation of the items immediately preceding it is a critical factor in determining P300 amplitude (e.g., Squires et al., [@B78], [@B77]; Klein et al., [@B55]), providing a clear link with the activation of working memory and attention control mechanisms. In other words, this view implies that the amplitude of the P300 elicited by a stimulus can be used to estimate the extent to which its representation in working memory has decayed since its last appearance, with more faded representations requiring more "updating" and thus eliciting larger P300s.

Since the original presentation of the "context updating" model, evidence has accumulated that the parietal-maximum P300 (or P3b, to which this model refers) is not the only form of ERP activity observed in response to attended targets between 300 and 700 ms from stimulation. A particularly prominent activity, variably labeled P3a, novelty P3, or orienting P3, is elicited in response to novel targets early within the same time interval. In a recent review, Polich ([@B66]) proposed that this frontal component represents the activity of a separate system, whose operation is invoked when there is a need to shift attentional or processing sets from one condition to another. Consistent with this view, Barceló and his collaborators (Barceló et al., [@B4], [@B3]; see also Jost et al., [@B52]) observed that this component is elicited when a stimulus requires to switch between processing rules. According to Polich ([@B66]), these two components, the frontal P300 and the parietal P300, represent the operation of an attention *shift* system (linked to dopaminergic pathways) and of an attention *maintenance* system (linked to noradrenergic pathways), respectively. This view is reminiscent of the distinction between the ventral (exogenous) and dorsal (endogenous) fronto-parietal attention systems proposed by Corbetta and Shulman ([@B18]) on the basis of neuroimaging data.

As described above, OSPAN scores are supposed to reflect the ability of individuals to *maintain* information in working memory. In a previous study we hypothesized that OSPAN scores would therefore predict individual differences in the ability to keep track of stimulus sequences (Brumback et al., [@B10]). Specifically, we hypothesized that subjects with low OSPAN scores should have particularly *large* parietal P300s to stimulus changes within a sequence, where the eliciting stimulus is re-presented after an interval in which stimuli of a different type were presented instead. This prediction could be considered counterintuitive, at least at first glance, because low OSPAN subjects should have reduced attention abilities, and P300 has often been considered an index of the amount of attention subjects pay to particular stimuli (Becker and Shapiro, [@B6]; Johnson, [@B51]). However, if one considers working memory as a "running attention control system," subjects with low OSPAN should have a smaller (and/or less stable) focus of attention, presumably because they are easily distracted and inappropriately deploy attentional resources away from the task at hand. As a consequence, memory representations may fall out of their attention focus more quickly when not in immediate use, and may require more "updating" to be reactivated (hence the larger P300 when a change occurs in a sequence of repeated stimuli). The results confirmed our predictions: young adults with low OSPAN scores (compared to those with high OSPAN scores) did produce an enhanced parietal P300 to items that (although previously presented) differed from their immediately preceding items. They also had a reduced N100 and P150 ERP responses to target stimuli, further suggesting a reduced attention focus (Brumback et al., [@B9]).

Most of the findings that have led to our theoretical understanding of the parietal P300 response, as well as the Brumback et al. ([@B10]) study, have been obtained in young adults. However, the P300 has also been extensively studied in older adults. One of the most striking findings observed in aging is a change in the scalp distribution of P300, consisting in a reduction in amplitude at parietal electrodes, and a marked increase in amplitude at frontal locations (for reviews see Friedman et al., [@B40], [@B39]; see also Fjell and Walhovd, [@B38]). This change in P300 scalp distribution has been attributed to a *reduced suppression* of the frontally distributed and overlapping "novelty" response (see Polich, [@B66]). For instance, Fabiani and Friedman ([@B33]) found that the ERPs elicited by target items that had been previously presented, but were still occurring randomly and therefore unexpectedly, differed between younger and older adults. Namely, older adults had a P300-like response characterized by a marked amount of frontal scalp activity (labeled "novelty P3," Knight, [@B56]), which was absent in younger adults. This response resembled that elicited by entirely *novel* stimuli (i.e., stimuli that had *never* been presented before and were unexpected within the task context). Indeed, Fabiani and Friedman ([@B33]) showed that both younger and older adults exhibit this type of novelty/orienting response[^1^](#fn1){ref-type="fn"} to the repeated but still unexpected items *at first*. However, this response subsides quickly with stimulus repetition in younger adults, whereas it remains large in many older adults. Furthermore, Fabiani et al. ([@B34]) showed that those older adults exhibiting the most pronounced perseveration of this orienting response to repeated items performed more poorly on neuropsychological tests of frontal lobe function, such as the Wisconsin card sorting test (WCST). This suggests that the persistence of this brain response in the face of stimulus repetition may reflect some form of cognitive deficit, presumably related to diminished adaptive behavior requiring inhibition (which has often been associated with frontal lobe function). This view is also supported by studies that link performance in the WCST with working memory function (Goldman-Rakic, [@B42]; Berman et al., [@B8]). Note that, according to Polich ([@B66]), the frontal (or novelty) P300 is related to the processing that is needed when attentional sets need to be *shifted*. To reconcile this view with the aging results discussed above we need to assume that older adults may have particular difficulty maintaining memory sets (perhaps reflected in the diminished parietal P300) and need therefore to engage attention-shifting mechanisms more frequently than younger adults (hence the persistence of a large frontal P300).

In this sense, the lack-of-suppression of the novelty response can be considered as an example of the often-reported deficit in inhibitory processing in aging. There is ample evidence that older adults may find it difficult to suppress processing strategies that they have used with success in the recent past, but are no longer useful at present (Rabbitt, [@B68]; Hasher and Zacks, [@B49]; Hasher et al., [@B48]). For example, older adults often experience difficulties in inhibiting prepotent responses (e.g., Spieler et al., [@B76]), in rapidly switching between tasks (e.g., Kray et al., [@B57]; Gratton et al., [@B46]), and in discarding categorization rules that are no longer useful, such as those used to solve the WCST (e.g., Fabiani and Friedman, [@B33]; Fabiani et al., [@B34]). Further, there is also evidence from electrophysiological and brain imaging data that older adults may produce increased brain activity to repeated and/or irrelevant stimuli compared to younger adults (e.g., Fabiani and Friedman, [@B33]; Cabeza, [@B12]; Gazzaley et al., [@B41]; Fabiani et al., [@B37]). Although some of this additional brain activity may be construed as compensatory (for a review see Cabeza et al., [@B13]; but see also Schneider-Garces et al., [@B74]), in some cases it may be more easily interpreted as a sign of the inability to suppress or inhibit inappropriate processing (Colcombe et al., [@B15]; Erickson et al., [@B32]).

There are logical similarities between the findings summarized above: the relationship between OSPAN scores and the parietal P300's sequential effects, the one between deficits in frontal lobe function and perseveration of the orienting/frontal P300 response, and age-related changes in fluid intelligence[^2^](#fn2){ref-type="fn"} may all stem from age-related changes to the working memory system and therefore may be relevant to cognitive deficits in aging and their variability across individuals. However, the working memory and attention systems are multifaceted and thus it is also possible that these effects are separable and related to each other in a more complex manner (e.g., Corbetta and Shulman, [@B18]; see also Band et al., [@B2]). Therefore in the current study we addressed the following questions:

a.  To determine whether the relationship between individual differences in working memory function and the parietal P300 sequential effects reported in Brumback et al. ([@B10]) in younger adults could be extended to older adults.

b.  To assess whether the relationship between individual differences in measures of working memory and mental flexibility and the frontally distributed P300 observed in older adults could be extended to younger adults.

c.  To determine whether these two phenomena are correlated (as both represent a consequence of individual differences in attention control abilities) or independent (perhaps mediated by different forms of attention control, or different brain mechanisms altogether).

Materials and Methods {#s1}
=====================

Subjects
--------

Twenty younger (ages 20--28; 10 females) and 40 older adults (ages 65--81; 26 females) were recruited from the University of Illinois at Urbana-Champaign and the surrounding community for participation in a large study under which the current data were collected[^3^](#fn3){ref-type="fn"}. All subjects received \$15 per hour for their participation. Only data from subjects who completed the OSPAN task were used in the present study. In addition, the data from two older adults with OSPAN scores were discarded during processing due to excessively noisy ERP data. As a result, the current study included 20 younger adults (ages 20--28; 10 females) and 38 older adults (ages 65--81; 21 females). The procedures used in this study were approved by the Institutional Review Board of the University of Illinois; all participants signed informed consent.

Screening procedures
--------------------

All participants were extensively screened. Subjects from which data were collected reported themselves as healthy and had no previous history of head trauma, were not on medications known to affect the central nervous system, had normal or corrected to normal vision, were fluent English speakers, and were right-handed. In addition, all subjects were screened for depression with the beck depression inventory (BDI, Beck et al., [@B5]) and dementia with the modified mini-mental status exam (mMMS; Mayeux, et al., [@B60]). All participants admitted into the study scored in the normal range on these tests.

### Neuropsychological tests

All subjects were given a battery of neuropsychological tests designed to examine their cognitive functions, including the OSPAN task. In this task subjects were required to remember words while solving simple arithmetic problems. Math problems, each followed by one word, were presented sequentially (in sets of 2--6, each set-size presented three times in a pseudorandom order). At the end of each set the subject was asked to recall the words from the previous set in the order presented. The OSPAN score is the sum of the correctly recalled sets of words (possible OSPAN score range: 0--60).

Subjects were also administered several neuropsychological tests of frontal function: the WCST (Heaton, [@B50]), the CFL portion of the controlled word association test (Benton and Hamsher, [@B7]), and the alternate category Test (Benton and Hamsher, [@B7]). The digit copying test (Kendrick and Watts, [@B54]), the WAIS digit-symbol copying test, the timed box completion, and the 3, 6, and 9 letter comparison tests (Salthouse, [@B73]) assessed processing speed and visuo-motor integration. Fluid intelligence was measured by the short version of the Raven\'s progressive matrices (RPM; Raven et al., [@B69]; Engle et al., [@B31]).

Procedures
----------

Event-related potentials were recorded during a visual choice reaction time (RT) task in which subjects viewed a series of X\'s and O\'s presented on a computer screen individually and in a random (Bernoulli) sequence with equal-probability (0.50/0.50). Subjects were asked to indicate which letter (X or O) was presented by pressing one of two response box buttons with their right or left hand. Accuracy and speed were emphasized equally. The hand to letter assignment was counterbalanced across subjects.

The subject sat 60 cm away from the computer screen in a sound-proof experiment room adjacent to a control room. A two-way intercom system allowed communication between the two rooms. Accuracy and RT data were recorded via the response box, which was connected to the data collection computer located in the control room.

### Stimuli

The X\'s and O\'s were presented in white typeface centered on a black computer screen and subtended 0.96° of visual angle vertically and 0.48° of visual angle horizontally. Five blocks of 100 stimuli were presented, each for 200 ms with a 1600-ms inter-stimulus interval. Rest periods were given between the blocks as needed.

### ERP recording and analysis

Event-related brain potentials were recorded from eight individual gold electrodes[^4^](#fn4){ref-type="fn"} (Fz, Cz, Pz, T5, T6, P3, P4, and right mastoid). An electrode placed on the left mastoid was used as an on-line reference; an averaged mastoid reference computed off-line was used for analysis. The vertical and horizontal electrooculogram was recorded for off-line eye movement correction (Gratton et al., [@B45]). The data were bandpass-filtered (0.01--30 Hz) during recording and digitized at 100 Hz for 1600 ms, with a 200-ms baseline.

Trials exceeding the A/D converter range and those with activity exceeding 300 μV were excluded from the analysis. Data were averaged for each subject, trial type[^5^](#fn5){ref-type="fn"}, and electrode. After visually inspecting the group and individual subject average waveforms, mean amplitude measures were taken on the average waveforms within a specified time window (300--700 ms post-stimulus for both younger and older adults).

To evaluate changes in scalp distribution, we used an approach developed by Gratton et al. ([@B44]; vector filter). This approach treats ERP data obtained at different electrodes (in this case Fz, Cz, and Pz) as a set of variates, describing a multivariate space. An important step in the procedure is the use of a "polar" notation to describe the values observed at a variety of electrodes at a particular point in time. In this fashion, amplitude and scalp distribution are distinguished from each other: amplitude is the distance from the origin (value of 0 at all electrodes), whereas scalp distribution is described by the angles of the point ("vector") describing the scalp distribution at different electrodes with a set of axes (the electrodes themselves). This separation of amplitude and scalp distribution is particularly useful, as it addresses issues of scalp distribution interpretation reported by a number of investigators (e.g., McCarthy and Wood, [@B62]; Urbach and Kutas, [@B82]). Specifically, to describe scalp distribution, we used two values: an angle describing the ratio between the mean value across electrodes and its standard deviation (equivalent to the coefficient of variation), and an angle describing the relative contribution of central vs. frontal vs. parietal activity. For the purpose of this presentation, we label the first angle "*electrode similarity*" and the second "*frontality*." To produce more stable results, the four types of trials were combined in this analysis.

Results
=======

### Neuropsychological tests

The results of the neuropsychological tests for each age group are shown in Tables [1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}. One of the scales with the greatest statistical separation (i.e., the largest *t*-score) between younger and older subjects was the RPM. Further, RPM was significantly correlated with other measures of frontal lobe function, such as several scales of the WCST and alternate categories, as well as with scales that have a spatial/pattern recognition component, such as boxes, digit symbols, letter completions, all with \|*r*(56)\| \> 0.40, *p* \< 0.05. Interestingly, RPM was also correlated with OSPAN \[*r*(56) = 0.43, *p* \< 0.01\] when the two age groups were combined. As in previous studies conducted in younger adults (Engle et al., [@B31]), RPM showed a similar correlation in the younger subjects \[*r*(18) = 0.44, *p* \< 0.05\]; however this correlation dropped to near 0 \[actually *r*(36) = −0.09, n.s.\] when only the older adult group was considered.

###### 

**Demographic and neuropsychological data for each group in the study: mean (SD)**.

                  Younger adults   Older adults                                                                        
  --------------- ---------------- -------------- ------------- ------------ ------------- ------------- ------------- -------------
  ***N***         6                3              5             6            10            8             10            10
  **Age**         22.7 (2.3)       21.3 (0.6)     23.8 (3.2)    21.8 (1.0)   71.1 (5.3)    72.8 (5.3)    71.3 (4.1)    71.0 (5.5)
  **F/M**         3/3              1/2            3/2           3/3          7/3           3/5           7/3           4/6
  **Educ**.       16.8 (1.5)       15.5 (0.5)     17.1 (2.3)    16.2 (0.9)   15.0 (2.9)    17.6 (2.6)    16.2 (2.9)    18.1 (2.0)
  **mMMS**        55.7 (1.5)       57.0 (0.0)     55.0 (2.0)    55.8 (1.2)   54.6 (1.4)    54.6 (2.1)    55.2 (1.8)    54.9 (1.7)
  **Boxes**       52.2 (14.0)      65.3 (10.8)    46.2 (10.0)   51.2 (5.3)   35.2 (10.6)   48.6 (10.7)   45.1 (12.9)   43.7 (10.9)
  **WCST**        13.7 (7.6)       12.3 (10.1)    11.2 (4.6)    11.7 (2.9)   38.3 (14.0)   37.3 (16.8)   23.3 (11.2)   22.4 (17.1)
  **DigCopy**     79.7 (4.8)       81.0 (8.9)     77.6 (8.4)    80.0 (3.9)   57.8 (11.0)   68.5 (14.8)   68.7 (16.0)   70.4 (11.0)
  **DigSymb**     45.7 (2.5)       52.0 (2.0)     47.6 (6.4)    52.8 (5.2)   30.0 (2.8)    34.4 (5.3)    37.1 (6.6)    37.7 (5.6)
  **LetComp**     22.0 (2.4)       24.0 (1.0)     22.8 (3.5)    25.5 (2.0)   13.2 (2.0)    15.6 (2.1)    17.0 (2.7)    17.2 (1.6)
  **RPM**         8.7 (2.3)        12.7 (1.2)     10.0 (1.0)    13.5 (0.8)   3.9 (0.7)     7.5 (2.3)     3.4 (1.6)     7.7 (1.6)
  **AltCateg**.   10.5 (0.8)       10.3 (2.1)     10.2 (2.9)    10.5 (2.6)   5.9 (2.5)     8.5 (2.6)     8.1 (1.9)     8.7 (2.1)
  **OSPAN**       13.0 (3.5)       14.3 (1.5)     27.2 (9.3)    29.0 (8.2)   7.9 (2.1)     7.5 (2.1)     17.1 (5.6)    17.8 (5.0)

*WCST, total number of errors*.

###### 

**ANOVA on demographic and neuropsychological data -- df (1, 50); only significant *F*s are shown**.

  Factors    Age            OSPAN    RPM      A × O     A × R    O × R   A × O × R
  ---------- -------------- -------- -------- --------- -------- ------- -----------
  Gender                                                                 
  Educ.                                                 6.49\*           
  mMMS       4.93\*                                                      
  Boxes      11.18\*\*\*             5.70\*   3.95^†^                    
  WCST       14.50\*\*\*    3.01+                                        
  DigCopy    16.24\*\*\*                                                 
  DigSymb    104.82\*\*\*   5.25\*   7.11\*                              
  LetComp    108.37\*\*\*   6.53\*   5.94\*                              
  AltCateg   16.51\*\*\*                                                 
  OSPAN      16.82\*\*\*                                                 
  RPM        62.46\*\*\*                                                 

*\*\*\*p* \<* 0.001; \*\*p* \<* 0.01; \*p* \<* 0.05; ^†^p* \<* 0.10*.

*A, age; O, SPAN; R, RPM (Raven progressive matrices)*.

In order to evaluate the relationship between individual differences in working memory and measures of fluid intelligence and how they influence the brain activity observed during the RT task, we used the OSPAN and RPM scales (which had the greatest inter- and intra-group spread) to stratify our sample into high and low working memory and fluid intelligence groups (see Brumback et al., [@B9]). For each of the two scales we conducted median splits (separately for younger and older subjects). The OSPAN criteria used for the median splits were 18.5 for the younger subjects and 11.5 for the older subjects; the RPM criteria were 11.5 for the younger and 5.5 for the older subjects. This yielded 8 groups of subjects (2 age groups × 2 working memory groups × 2 fluid intelligence groups). The number of subjects belonging to each of the eight cells of this three-way binary classification is shown in Table [1](#T1){ref-type="table"}. *Chi-square* tests showed that the number of subjects in each cells did not vary significantly from each other \[for the younger adults, *chi-square*(1) = 0.89, n.s.; for the older adults, *chi-square*(1) = 0.11, n.s.; across ages, *chi-square*(1) = 0.68, n.s.\]. Average values for demographic (gender and years of education) and neuropsychological scales for each of these cells are also presented in Table [1](#T1){ref-type="table"}. The high and low-RPM groups tended to differ as a function of education and gender: both of these effects were only evident in the older group, suggesting that they may be the result of life-long conditions. Note that since the OSPAN and RPM groups were sorted within each age group, this procedure amounts to a stratification of the sample, with the effects of age being largely partialed out from the effects of other groupings.

### Behavioral data

For the analysis of RTs (see Table [3](#T3){ref-type="table"}), trials were sorted as a function of the relationship (same or different) with the immediately previous trial (*1-back*) and the trial two back (*2-back*). This yielded four categories of trials. Sequential trees were computed by averaging across all trials, and comparing trials differing (or not) from the preceding trial, and those differing (or not) from the trial 2-back. This was done separately for each subject. The average sequential trees across subjects, sorted on the basis of age, OSPAN group, and RPM group are presented in Figure [1](#F1){ref-type="fig"} (top). A mixed design ANOVA with three between-subject factors (age, OSPAN, and RPM) and two within-subject factors (1-back and 2-back) was run to evaluate the statistical significance of the effects. This ANOVA revealed a main effect of age \[*F*(1, 50) = 44.35, *p* \< 0.001\], with the younger adults being faster than the older adults. There were significant effects of sequential level: for 1-back \[*F*(1, 50) = 12.28, *p* \< 0.001\] and for 2-back \[*F*(1, 50) = 50.13, *p* \< 0.001\]. There was also a significant interaction between 1-back and 2-back \[*F*(1, 50) = 30.59, *p* \< 0.001\]. Inspection of Figure [1](#F1){ref-type="fig"} (top) indicates that the sequential effects on RT are entirely attributable to faster responses for the condition in which the current item was identical to the previous two items (XXX), whereas having only one item identical to the previous one (OXX) does not affect RT compared to the alternation condition (XOX). There were no significant interactions between age and sequential level, indicating that younger and older adults were equally influenced by stimulus sequence. The only other effect of relevance was a marginally significant two-way interaction between 1-back and OSPAN group, showing a more pronounced RT sequential effect for the low OSPAN group (indicated by the difference between the red and purple lines in Figure [1](#F1){ref-type="fig"} top for this group), *F*(1, 50) = 2.88, *p* \< 0.10 (note that this would be significant in a directional test, which would be appropriate here). Finally, we also examined whether RT was influenced by OSPAN group irrespective of sequential level (i.e., considering all trials). For the older adults only there was a significant negative correlation between OSPAN score and overall mean RT, *r* = −0.30, *p* \< 0.05, one-tailed. The corresponding correlation for the younger adults was not significant (*r* = −0.20). RPM grouping did not have any significant effects or interactions for the sequential tree and overall RT analyses.

###### 

**Mean reaction time and accuracy scores (with SD in parentheses) for the two age groups and the two OSPAN groups**.

              Younger adults M(SD)   Older adults M(SD)             
  ----------- ---------------------- -------------------- --------- ---------
  Reaction    355.27                 360.06               431.73    444.58
  time (ms)   (32.55)                (40.18)              (40.21)   (51.28)
  Accuracy    0.95                   0.96                 0.96      0.93

![**Reaction time (RT; top) and P300 sequential trees (bottom)**. Trees indicate the RT/P300 amplitude elicited by stimulus X as a function of the preceding two stimuli (1-back, 2-back in the sequential trees) for the various subject groupings. In the RT trees, the ordinate is time in milliseconds; in the P300 trees, the ordinate is the amplitude of the P300 in microvolts. The four different colors represent the four possible sequential conditions (with the underlined X indicating the current stimulus).](fpsyg-02-00190-g001){#F1}

Accuracy was over 90% for all groups and conditions. Because of these high values, we applied a logit transform before submitting the data to statistical analysis, and collapsed the data across sequential levels. A between-subject design ANOVA including age, OSPAN, and RPM as factors revealed only a marginal interaction between age and OSPAN \[*F*(1, 50) = −2.87, *p* \< 0.10\]. This interaction was due to a reduced accuracy for the older adults with low OSPAN (*M* = 0.944), compared to their high OSPAN counterparts (*M* = 0.964). This difference was amplified when assessed as a correlation between the actual OSPAN score (instead of the group assignment) and accuracy (*r* = 0.33, *p* \< 0.025 one-tailed). A smaller difference in the same direction was observed in the younger adults (*M* = 0.957 and 0.966, respectively).

Overall, these behavioral data indicate that (a) the older adults had overall lower performance than younger adults; (b) subjects RTs were influenced by the stimulus sequence irrespective of age; and (c) both of these effects were accentuated in subjects with low OSPAN scores.

### Event-related potential data

The ERPs were analyzed using the same trial-sorting procedure used for RTs. Grand averages were computed for each age group, and for subjects sorted on the basis of OSPAN and/or RPM scores. Grand average waveforms from the three midline electrodes (Fz, Cz, and Pz) for younger and older adults are presented in Figure [2](#F2){ref-type="fig"} for OSPAN sorting and in Figure [3](#F3){ref-type="fig"} for RPM sorting (both median splits were conducted separately in younger and older subjects, as in the previous analyses). The waveforms presented in these Figures depict the brain responses when the current stimulus was identical to the two immediately preceding stimuli (XXX condition, where X is the current stimulus) or different from both preceding stimuli (OOX condition).

![**Grand average waveforms of stimulus X as a function of the preceding two stimuli for the Fz, Cz, and Pz electrode sites for younger and older adults split into high- and low OSPAN groups**. Solid line: no change condition (XXX, where X is the current stimulus); dashed line: most extreme change condition (OOX, where X is the current stimulus).](fpsyg-02-00190-g002){#F2}

![**Grand average waveforms of stimulus X as a function of the preceding two stimuli for the Fz, Cz, and Pz electrode sites for younger and older adults split into high- and low-RPM groups**. Solid line: no change condition (XXX, where X is the current stimulus); dashed line: most extreme change condition (OOX, where X is the current stimulus).](fpsyg-02-00190-g003){#F3}

The most prominent brain response observed in these figures is a positivity, with a latency between 300 and 700 ms, largest at the parietal electrode, and generally larger for trials differing from the preceding ones, which we identify as the parietal P300 component of the ERP.

The grouping variables (age, OSPAN scores, and RPM scores) appear all to influence the P300 complex, though in different ways. Age appears to be correlated with a change in scalp distribution, so that a *smaller difference* is observed between frontal and parietal locations for older adults than for younger adults. This finding is consistent with previous reports (e.g., Fabiani and Friedman, [@B33]; for reviews see Friedman et al., [@B40], [@B39]), and could be attributed to a larger frontal P3 (or P3a) in the older adults. RPM grouping also appears to be related to differences in P300 scalp distribution, with a smaller parietal, and a more pronounced central and frontal activity in the low compared to the high RPM groups, regardless of age. Thus, RPM grouping seems to produce effects that mirror those of aging.

Operation-span grouping appears mostly to predict the amplitude of the sequential effects (i.e., the difference between mismatching and matching trials). This is particularly evident when the waveforms from the matching condition (XXX) are subtracted from the mismatching condition (OOX). These waveforms (from the Pz electrode) are shown in Figure [4](#F4){ref-type="fig"} (top). Similar waveforms computed for RPM groupings (Figure [4](#F4){ref-type="fig"}, bottom) show smaller and inconsistent effects.

![**Subtraction waveforms at Pz (condition OOX *minus* condition XXX, where X is the stimulus being averaged as a function of the preceding sequence)**. The younger adult group is shown on the left and the older adult group on the right; top: subjects are sorted into high- and low OSPAN groups; bottom: subjects are sorted into high- and low-RPM groups. Note the larger P300 to stimulus change for both low OSPAN groups, and the smaller (and in fact inverted) effect for the RPM groups.](fpsyg-02-00190-g004){#F4}

To evaluate these visual impressions, we quantified the amplitude of parietal P300 by computing the average amplitude of the activity (as described in the Materials and Methods) for each subject, trial type, and midline electrode. To evaluate sequential effects, the results were averaged across electrode locations, and submitted to an ANOVA design identical to that used for RTs. The P300 amplitude sequential trees are presented in Figure [1](#F1){ref-type="fig"} (bottom). The results of the ANOVA indicated clear effects of stimulus sequence on P300 amplitude: the 1-back effect yielded an *F*(1, 50) = 21.79, *p* \< 0.001, the 2-back effect an *F*(1, 50) = 30.23, *p* \< 0.001, and the 1-back × 2-back interaction was also significant \[*F*(1, 50) = 7.94, *p* \< 0.01\][^6^](#fn6){ref-type="fn"}. The P300 was always larger to mismatching trials, but the effect was particularly large for the "double mismatch" (OOX) condition. Of the grouping variables, only OSPAN interacted with the sequential effects: the OSPAN × 1-BACK interaction was significant \[*F*(1, 50) = 21.79, *p* \< 0.05\], with low OSPAN subjects showing a greater sequential effect than high OSPAN subjects, irrespective of age (as clearly visible in Figure [4](#F4){ref-type="fig"}). This finding replicates the results of Brumback et al. ([@B10]) and extends them to the older adult group.

In order to assess whether the frontal P300 was also sensitive to sequential effects we repeated this ANOVA on the measurements from the frontal electrode alone. Although the frontal P300 was larger for older than for younger adults \[main effect of age, \[*F*(1, 50) = 13.58, *p* \< 0.001\], there were no significant sequential effects or interactions.

As described in the Section ["Materials and Methods,"](#s1){ref-type="sec"} the vector filter approach (Gratton et al., [@B44]) was used to analyze changes in scalp distribution. We used two values to describe scalp distribution: an angle describing the ratio between the mean value across electrodes and its standard deviation (labeled "*electrode similarity*"), and an angle describing the relative contribution of frontal vs. central vs. parietal activity (labeled "*frontality*"). To produce more stable results, the four types of trials were combined in this analysis. Two separate ANOVAs were run, one for each of the two measures, each with three between-subjects factors (age, OSPAN group, and RPM group). The ANOVA on "electrode similarity" yielded a significant effect of age group, *F*(1, 50) = 5.20, *p* \< 0.05, but no other significant main effect or interaction. As expected, the similarity between electrodes was greater for older than for younger adults (see Figure [5](#F5){ref-type="fig"}, top right). The ANOVA on "electrode orientation" yielded a significant effect of RPM group, *F*(1, 50) = 6.90, *p* \< 0.05, indicating a relative greater contribution of central and frontal electrodes, and a relatively smaller parietal activity for the low-RPM group compared to the high RPM group. No other significant main effect or interaction emerged (see Figure [5](#F5){ref-type="fig"}, bottom left). These results indicate that, regardless of age, a low-RPM score may be associated with a relatively greater use of brain structures leading to a fronto-central scalp distribution of P300, rather than a parietal-maximum scalp distribution (typical of high RPM subjects), which in turn may indicate an elicitation of novelty/orienting processes that are not required by the high RPM subjects. Interestingly, this is not the case when participants are separated on the basis of their OSPAN score (also shown in Figure [5](#F5){ref-type="fig"}).

![**Effects of age, cognitive flexibility (RPM) and working memory capacity (OSPAN) on the similarity across midline electrodes (top) and on the relative frontality of the P300 distribution (bottom)**. Error bars refer to the SE of the mean. LR, low-RPM group; HR, high RPM group; LO, low OSPAN group; HO, high OSPAN group; YA, Younger adults; OA, older adults.](fpsyg-02-00190-g005){#F5}

Discussion
==========

In our previous work we had identified two types of ERP phenomena that can be recorded during relatively simple classification tasks, and that appear to be connected to working memory function and aging. The first is the presence of a frontally distributed scalp potential, the novelty P3 or P3a, typically obtained in younger adults when they are processing novel information, and in older adults not only under the same conditions, but even when processing information that is unexpected, but no longer novel (Fabiani and Friedman, [@B33]; Fabiani et al., [@B34]). The occurrence of this response in older adults is associated with impaired frontal lobe function, as assessed by neuropsychological tests (Fabiani et al., [@B34]). The second phenomenon is an exaggerated parietal P300 (or P3b) response to changes in stimulus sequences, which is shown by younger subjects with low scores in loaded tests of working memory capacity such as OSPAN (Brumback et al., [@B10]). This exaggerated response can be considered to be the result of a failure to maintain an appropriate working memory representation of items that had been previously presented but were superseded by more recent events. The first two questions addressed by this study were (a) whether the relationship between individual differences in working memory function and sequential effects in the parietal P300 reported in younger adults could be extended to older adults; (b) whether the relationship between individual differences in measures of working memory and mental flexibility and the persistence of a frontal P300 observed in older adults could be extended to younger adults. Both questions had a positive answer. Our results showed that the relationship between OSPAN score and sequential effects in the parietal P300 amplitude was evident in both younger and older adults, thus replicating and extending previous findings by Brumback and colleagues. Similarly, there was an inverse relationship between RPM score and frontality of P3 distribution, irrespective of age.

Our analytical strategy was to use an individual difference approach, and to identify subjects with high and low scores on neuropsychological tests that could be used as proxies for underlying latent variables. Specifically, we used the OSPAN test to assess working memory capacity and the RPM as a measure of fluid intelligence and cognitive flexibility. Our choice of the OSPAN test as a measure of loaded working memory capacity is supported by a number of studies that have shown that this measure is reliable and valid, and it can predict performance in a variety of different tasks (Engle, [@B30]). OSPAN has been used in the study of aging (e.g., Rhodes and Kelley, [@B71]). In our previous work, OSPAN has shown to be a powerful predictor of brain activity associated with the processing of unexpected but repeated items in younger adults (Brumback et al., [@B9], [@B10]).

Performance in the RPM test has been correlated with frontal lobe function and cognitive flexibility in previous studies (e.g., Duncan et al., [@B27]; Colzato et al., [@B17]). In the current study RPM scores were significantly correlated with performance in the WCST. In addition, RPM presents certain advantages. First, it shows very consistent and large differences as a function of age. Second, it shows variability in *both* younger and older adults, allowing us to group subjects in both age intervals (unlike the WCST, which tends to be at ceiling in younger adults). Third, in our previous work it has shown to be a good predictor of individual differences in attention-related ERP components in younger adults (Brumback et al., [@B9]).

Not withstanding this supporting evidence, and as is usually the case with neuropsychological tests, RPM and OSPAN are complex measures that may reflect psychological constructs other than those we are postulating here. As such, some of the conclusions of this study need to be moderated by the possibility that other factors may underlie some of the observed effects. As mentioned earlier, OSPAN and RPM are significantly correlated in the entire group of subjects and in the younger adults but not in the older adults when they are considered separately. This relationship indicates that the two tests may share some processing abilities, at least in younger adults. Indeed, fluid intelligence has been considered to depend, at least in part, on working memory function (Carpenter et al., [@B14]). However, the fact that the correlation no longer exists in older adults also suggest that the lifespan development trajectories of these two abilities are different and show dissociations that may not be evident earlier in life.

Our third and central question was whether the two P300 phenomena described above are underlined by the same factor -- as, for instance, would be the case if they were both *directly* related to poorer attention control mechanisms. This does not appear to be the case. In fact, the patterns of effects associated with the two ERP phenomena were clearly distinct. The set of neuropsychological variables associated with each of them was not overlapping. OSPAN grouping, but not RPM grouping, was correlated with sequential effects in P300 amplitude, as well as RT and accuracy in the task (especially in older adults). RPM grouping, but not OSPAN grouping, was associated with changes in P300 scalp distribution (see Figure [5](#F5){ref-type="fig"}).

To evaluate the significance of these findings, it is important to consider that we used a stratified approach. Subjects were classified in eight groups using three different variables (age, OSPAN, and RPM). This approach tends to "orthogonalize" the different variables, so that it makes it easier to determine whether the effect of one variable are mediated by differences on another, or whether instead they are independent. Thus, in this case it suggests that the effects of age on the parietal P300 sequential effects may be mediated by its effect on loaded working memory span. This, in turn, strongly supports the claim that P300's sequential effects are related to the (in)ability of subjects to *maintain* memory representations active in the presence of interfering tasks/stimuli (which is directly assessed by the OSPAN task).

The ERP data replicate and expand our previous findings, including the observation that aging is associated with more frontal and less parietal scalp ERP activity (e.g., Fabiani and Friedman, [@B33]; Fabiani et al., [@B34]). This latter finding appears consistent with brain imaging data, suggesting increased reliance on frontal brain structures (or default network structures) by older adults compared to younger adults (Grady et al., [@B43]; Cabeza, [@B11]; Cabeza et al., [@B13]).

In this paper we have considered sequential effects and shifts in scalp distribution as two phenomena associated with *a* and *b* subcomponents of the P300. This attribution is intended here only in terms of temporal overlap. Indeed, it is likely that these two phenomena are associated with two separate ERP components, such as the P3a (the frontal shift in distribution) and the P3b (the sequential effects), as described by Polich ([@B66]; see also Dien et al., [@B23]). In Polich\'s model the P3a is associated with a frontal circuit related to novelty processing and the P3b with a temporo-parietal circuit related to holding information and attention. In this case, the first, but not necessarily the second, of these phenomena may be significantly influenced by aging -- as aging leads to a more extensive scalp distribution shift, whereas the sequential effects are present as a function of OSPAN score but irrespective of age. However, in our interpretation it is not the P3a response *per se* that is diminished in aging (or in subjects with low-RPM scores). This activity is in fact *enhanced* in these groups. Rather, it is the habituation process leading to the dampening of this frontal activity that is reduced in aging (see Fabiani and Friedman, [@B33]). Similarly, the increased sequential effects observed in subjects with low OSPAN is not a sign that these subjects do have a reduced P3b *per se* (as in fact the amplitude of P3b is enhanced), but rather a reduced ability to maintain working memory representations, leading to the enhancement.

In summary, the frontal P300 (novelty P3 or P3a) is not modulated by sequential trees but its amplitude reflects individual differences in cognitive flexibility (as indexed here by RPM scores), which are, in turn, highly influenced by age. This latter finding is in apparent contrast with results reported in previous studies (e.g., Barceló et al., [@B4], [@B3]; Jost et al., [@B52]), who reported a large P3a after stimuli requiring a task switch in younger adults. To understand this discrepancy we should consider that the switch paradigms used by Barceló and colleagues (as well as in the Jost et al., [@B52] study) are in fact quite different and more complex than the paradigm used in the current study. Most important, in those studies stimulus change included a requirement to *shift* attentional set. This may be an important requirement for generating a frontal (or novelty) P3 (as also suggested by Polich, [@B66]). In our paradigm, there are only two stimuli (each of which one-dimensional) that can be presented at any trial, and there is no need for a shift in attentional/task set. The sequential effects do not reflect such a switch, but rather the *maintenance* of a particular one-dimensional memory set. We submit that, for this reason, the sequential effects we observe in the current study do not involve the engagement of the frontal (or novelty) P3, but rather are sustained by the parietal P300. Interestingly, the maintenance of a particularly memory set is also required by the OSPAN task, whereas the ability to flexibly switch attentional set is probably very important for the RPM task. Thus these two sets of data do not appear as contradictory, but rather as complementary.

In this study we observed sequential effects on both the parietal P300 amplitude and RTs. This may lead to the question of whether these effects are related. However, the sequential effects on the parietal P300 and RTs were different. P300 amplitude was modulated by both 1-back and 2-back items, whereas for RT the effects were only visible for the 2-back condition. This dissociation makes it unlikely that the P300 sequential effects could be accounted for by a possible overlap of ERP activity directly related to movements, as the 1-back effects on P300 had no concurrent effect on RTs. In fact, the parietal P300 is known to be related to some advanced level of processing which, under some conditions but not others, may be related to response selection (see Kutas et al., [@B58]; McCarthy and Donchin, [@B61]; Magliero et al., [@B59]; Coles et al., [@B16]).

Although limited in terms of their spatial resolution, the data from the current study (as those from our previous ERP experiments, Fabiani and Friedman, [@B33]; Czernochowski et al., [@B21]) provide additional information by pointing out that the increased reliance on frontal activity (albeit only measured at the scalp) is variable across individuals and correlates with measures such as neuropsychological test scores or education. Many investigators are interested in determining whether frontal activity (and any additional brain activity observed in aging) is compensatory or dysfunctional (Cabeza, [@B11]; Park et al., [@B64]; Cabeza et al., [@B13]). Although the current study cannot answer this question, it is possible to speculate that reliance on frontal function may lead to a consumption of resources that could be otherwise dedicated to other tasks. Thus, even if this activity is compensatory for the current task, reliance on frontal function may ultimately be dysfunctional within a broader perspective, when more than one task needs to be accomplished. Of course, some benefits may also result in an indirect fashion (e.g., Sunghan et al., [@B79]). Further, the observation that individual differences in OSPAN and RPM scores lead to similar effects on the P300's subcomponents in younger and older adults further suggests that at least some of the changes that are typically attributed to aging may be quantitative and represent the natural progression of traits present earlier in life. In such context, they may be indicative of distributional shifts along a continuum rather than the emergence of new phenomena in aging, an idea that is also underlined in the CRUNCH model (compensation-related utilization of neural circuits hypothesis; Reuter-Lorenz and Cappell, [@B70]; see also Schneider-Garces et al., [@B74]).
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^1^Although Fabiani and Friedman ([@B33]) only recorded ERPs, and therefore could not record a full-fledged orienting response, frontal aspects of the P300 are often considered a component of the orienting response (Sokolov, [@B75]). It is in this sense that we use this term in the current study.

^2^We consider fluid intelligence as a concept related to cognitive or mental flexibility (Colzato et al., [@B17]). Mental flexibility can be defined as the ability to direct one\'s attention to novel events, thoughts or actions, as well as the "ability to change one\'s mental set to find new solutions for old problems" (Barceló et al. [@B4], p.1888).

^3^The unequal group sizes in the current study were determined by constraints in the recruiting for the overall project.

^4^The small number of electrodes was necessitated by the recording of the event-related optical signal, which was required for the larger study under which these data were collected (different tasks, same recording session).

^5^Trial type was defined depending on the preceding trials. Given a current stimulus X, they could be *XXX* (same 1-back and 2-back), *OOX* (different 1-back and 2-back), *XOX* (different 1-back, same 2-back), and *OXX*, (same 1-back, different 2-back).

^6^To ensure that these effects were not due to just a few subjects with large P300 amplitudes we repeated the statistical analysis on normalized data. This analysis yielded virtually identical results.
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